Abstract. Spruce budworm populations in New Brunswick have been surveyed annually since 1952 by sampling egg masses (later, overwintering larvae) as part of the insecticide application program. Although not designed for an ecological investigation, we extracted as much information from the survey data as we could with respect to several ecological issues. (1) All populations across the province tended to cycle in unison, although three major regions were distinguished by dissimilarity in peak and trough levels. We found that these regional distinctions were a result of random variation in the egg recruitment rate, rather than due to factors associated with comparatively fixed ecoregional (e.g., topographic, climatic, or forest type) characteristics. (2) We found, among all regions, a significant correlation in the rate at which eggs were recruited to each generation, thus providing evidence for the Moran effect as the mechanism underlying population synchrony that caused the province-wide outbreaks. (3) We discuss, with the aid of simulations, the nature and significance of random variations in the egg recruitment rate to explain observed differences in the spatial and temporal patterns of population cycles. Finally, we remark on problems in forecasting.
INTRODUCTION
Information from various sources (Tothill 1922 , Swain and Craighead 1924 , Blais 1958 , 1965 , Greenbank 1963 ) has revealed that, in eastern Canada, spruce budworm (Choristoneura fumiferana [Clem.], Lepidoptera: Tortricidae) outbreaks have been recurring almost periodically at an average interval of about 35 years for the past three centuries (Royama 1984 (Royama , 1992 . In 1952, the Canadian Forest Service-Atlantic Forestry Centre began quantitative surveys of budworm populations by sampling egg masses (later, overwintering larvae) across the province to assist in planning and assessing aerial applications of insecticides for forest protection. In 1982, survey responsibility was briefly transferred to Forest Protection Limited, but, since 1983, the New Brunswick Department of Natural Resources has undertaken the task. Chronological details of the surveys and the aerial applications of insecticides up to 1973 were reported by Miller and Kettela (1975) , and updated to 1989 by Kettela (1995) ; the egg mass counts up to 1978 were graphically summarized in Royama (1984 Royama ( , 1992 . Here, we update the survey results to 1996. The surveys are still conducted annually, but budworm populations have declined to such low levels (New Brunswick Department of Nat- Although not designed for scientific investigations, the long-term survey data provide a rare opportunity for ecological inquiries. In this article, we examine regional differences in the pattern of population cycles and their causes, and the mechanism underlying the province-wide outbreaks. Budworm research in Canada began in the early 1920s and has, thus far, involved a few generations of researchers from various institutions, yielding a large number of valuable publications. On the other hand, there have been unsubstantiated ideas and interpretations, the so-called ''budworm myths.'' The survey results also provide an opportunity to examine the validity of some of these myths.
BUDWORM LIFE CYCLE
In most of New Brunswick, moths eclose in late June to early July and lay eggs in masses (ϳ10 per female, each containing ϳ20 eggs) on needles of balsam fir (Abies balsamea (L.)) and several spruce (Picea) species. The eggs hatch in ϳ10 days, and the first-instar larvae (L 1 ) immediately disperse to seek suitable places to form hibernacula on host trees or elsewhere. Within the hibernacula, the larvae molt to second instar (L 2 ), diapause until late April to early May of the following year, and begin feeding on foliage. Toward mid-June, pupation takes place on the foliage and, in ϳ10 days, adults eclose to lay eggs. After laying a portion of egg complements at their natal site, the female moths tend to disperse by flying various distances to deposit the remaining eggs at new sites; male moths also disperse. However, little is known about survivorship of the migrants. Fig. 1 shows the distribution of sampling sites across New Brunswick from 1952 to 1999; as already mentioned, the data up to 1996 are used for quantitative analyses. Although the number of sampling sites changed from year to year, a given site, once established, was located within a radius of several hundred meters. At each site, one most prevalent species was selected from among the four major host trees (i.e., Abies balsamea, Picea glauca, P. rubens, and P. mariana) within the stand, and one mid-crown branch (usually Ͻ1 m in length) was collected from each of a few (usually no more than five) codominant trees. Up to 1984, the number of egg masses on these sample branches was counted by eye. The ''size'' of a sample branch was measured in terms of the so-called ''branchsurface area'' (length times width at midpoint of the foliated section of the branch, a crude but practical unit), and the number of masses per 10-m 2 branch surface area was used as a measure of their density. The present paper follows this convention unless otherwise specified. Since 1985, counts of second-instar larvae within the hibernacula (L 2 counts) have replaced the egg mass counts. Sample branches are soaked in a chemical solution to dissolve the hibernacula to extract the larvae within (see Appendix). Counting the L 2 costs less than counting egg masses; it also allows sampling and laboratory processing to be carried out at a convenient time after the formation of hibernacula.
SURVEY SYSTEM
To make the density measures before and after 1985 comparable with each other, the L 2 counts are converted to egg mass counts by the formula: log(egg mass counts) ϭ Ϫ0.125 ϩ log(L counts) 2 (see Appendix). Because egg-to-L 2 survival is found to be practically independent of egg density (Royama 1984, Régnière and Duval 1998) , the simple conversion, after the logarithmic transformation, maintains the pattern of annual population changes more or less unaffected by the change in sampling method. Henceforth, these numbers will be referred to simply as ''egg mass density.'' As well, the egg mass and L 2 surveys will be referred to as ''the surveys.''
SURVEY RESULTS
We divided New Brunswick into 18 blocks ( Fig. 2 ; a peripheral area is amalgamated into the adjacent block) and calculated mean egg mass density in each block to plot it (in logarithmic scale) against year (Fig.  3) ; the 1980 data are not in the computer file at this moment. Although arbitrary, the block size (66 ϫ 66 km 2 ) is such that it is large enough to make a meaningful calculation of the mean density, but is small enough for the cycle pattern to retain its local characteristics. The ordinate of the horizontal axis in each graph (Fig. 3) is arbitrarily chosen at 50 egg masses Ecology, Vol. 86, No. 5 FIG. 2 . New Brunswick partitioned into 18 blocks to calculate mean spruce budworm egg mass densities. Each block is identified by row code (A-E) and column number (1-5).
per 10 m 2 of foliage surface area. At this density of an increasing population, defoliation caused by the surviving mature larvae would not be much more than 25% of the current-year shoots which is, roughly, the level that conventionally distinguishes a light from moderate infestation in the surveys. However, at a given egg density, fewer mature larvae survive in a decreasing population (the very reason for the decrease), thus causing less defoliation than they do in an increasing population.
As is clear in Fig. 3 , the populations in all locations of the province tend to cycle in unison; peaks (as well as troughs) occur more or less together in time. However, although neighboring blocks tend to exhibit a similar pattern in their dynamics, there are apparent differences among three major regions: north, middle, and south, bordered by the bold dashes. The cycle troughs during the 1960s were distinctly shallower in the middle region compared with those in the other two regions. To bring out the regional differences, average densities are pooled for each region (Fig. 4) ; densities in the blocks within each region are averaged (rather than pooling all branches collected in the region and calculating average density) to avoid bias toward more heavily sampled blocks (cf., Fig. 1 ). The white histograms in the northern region before 1952 are based on sampling in the Green River Project (Morris 1963 , Royama 1984 conducted within Block A1 (Fig. 2) (Fig. 5) . In 1952, light infestation appeared in the lower half of the province only to decline toward the mid-1950s as is evident in Fig. 4 . Thus, it is certain that the cycle in the southern region reached a peak during the early 1950s but did not exceed the horizontal axis in Fig. 4 as did those in the other two regions. This confirms that the budworm populations were cycling in unison all across the province, albeit differing in peak levels.
The populations in all regions had declined by 1960 (Fig. 4) , although those in the middle region did not decline as much as those in the other regions. Subsequently, the cycles in all regions reached an outbreak level during the 1970s and then declined to the current troughs that are equally deep everywhere. We thus see that the budworm populations tended to cycle in unison but differ in peak and trough levels not only from re- gion to region but also from cycle to cycle within a given region.
We now discuss specific issues that can be extracted from the survey data. First, we examine the validity of certain theories on the pattern of budworm outbreaks held by earlier investigators.
ECO-CLIMATIC INFLUENCES ON BUDWORM CYCLES

Climatic influences on regional dissimilarities
In their study of moth dispersal by radar, Greenbank et al. (1980) attributed the regional differences to those in topographical and climatic characteristics: These remarks contradict the survey data: the areas where the comparatively high populations were maintained during the 1960s (i.e., the middle region in Fig.  3 ) lie in large part across the eastern and valley lowlands Ͻ300 m above sea level (asl, Fig. 6 ), whereas most of the ''north-central highlands'' (Ͼ400 m asl) that Greenbank et al. referred to did not maintain high populations. In general, we see no clear association of the three major regions (in Fig. 3 ) with the topographical (hence climatic) characteristics of the province (Fig. 6 ). After all, in the current low-population period, the middle region does not maintain as high a popu- lation as during the 1960s, whereas little change has occurred in topography.
Neither is the conjecture supported that concentrations of eggs in given areas would keep populations there at a high level. When the populations in the Green River area (in Block A1, Fig. 2 ) were declining during the 1950s, there were three mass invasions of moths (into the areas of comparatively light infestation) that caused a marked increase in larval density each summer in 1954, 1957, and 1961 (to be shown in Fig. 8d ). Nonetheless, the increases were temporary, and the populations continued to decline because of a low generation survival rate in the locality that was little influenced by moth invasions (Royama 1984 (Royama , 1992 .
Influence of forest type on the occurrence of an outbreak
Correlating a forest type with the early signs of the most recent outbreak in Quebec (beginning around 1970, as in New Brunswick), Hardy et al. (1983) These observations should be interpreted with caution. First, the hypothetical existence of epicentres was assumed without qualification. Second, the observations were limited to one outbreak cycle and were based solely on infestation maps that did not contain adequate information on temporal changes in the actual populations.
As the budworm populations were cycling in phase, what looked like epicenters (so-called hot spots) on the infestation maps, e.g., Fig es where the populations happened to reach a certain infestation level slightly ahead of other areas where the populations were more or less simultaneously increasing. Thus, as Stehr (1968) implied, it is unwarranted to consider those spots to be epicenters from which outbreaks spread outward. Rather, outbreaks over extensive areas are a result of the populations in many locations cycling in phase (Royama 1984) . Thus, with only an observation of one cycle, correlating the locations of initial hot spots on the infestation maps with the regional eco-physical characteristics would provide little insight.
However, one might suggest that it is worth examining whether the regional differences in the overall pattern of population cycles (Figs. 3 and 4) , rather than the mere appearance of hot spots, were associated with differences in ecoregional characteristics. Fig. 7a shows a forest-zone map (Loucks 1962 ) with six major zones distinguished by the most prevalent tree species, and the recently updated ecoregion map (Fig. 7b) by The Ecosystem Classification Working Group (TECWG 2003) . (Note that, regardless of the prevalent species in a zone, at least one of the budworm's host trees [A. balsamea and the three Picea spp.] occurs throughout the province in varying proportions.) We see no clear association of the division of the three major regions (defined in Fig. 3 ) with the geographical patterns of the forest zones and ecoregions. One might argue that a more detailed investigation into ecoregional characteristics might reveal an association. However, such a possibility is unlikely for the following reason.
After all, the temporal and spatial variations in the pattern of budworm population cycles are not as fixed as ecoregional characteristics. For example, neither the low peak of the southern region in the 1950 outbreak period, nor the shallow trough in the middle region in the 1960s, was repeated; the peaks in the 1970s were as high, and the current troughs are as deep, as in all regions, reflecting an influence of random factors that are obviously not associated with more or less fixed ecoregional characteristics. In other words, the apparent regional distinction in the observed pattern of population cycles is most likely temporary.
The way the populations vary as a stochastic process in time and space is such that we must first take direct account of the processes that generate a local population cycle and then consider how such cycles come in phase so as to result in outbreaks over extensive areas.
A LOCAL BUDWORM POPULATION PROCESS
Results from a Green River study plot, located within Block A1 (Fig. 2) , depict the basic patterns of annual Ecology, Vol. 86, No. 5 FIG. 7 . (a) Forest-zone map after Loucks (1962) , and (b) the ecoregion map after The Ecosystem Classification Working Group (2003) . The bold dashes separate the three major regions defined in Fig. 3. variation in certain population parameters. Fig. 8a shows the series of egg densities (the number of individual eggs per square meter of foliated balsam fir branch surface) between 1947 and 1959 generation years. In budworm, as already noted, one generation encompasses two calendar years. Here, the generation year t begins with eggs laid in the summer of the calendar year t (in which egg masses and the L 2 in hibernacula were sampled in the surveys) and ends with adult eclosion in year t ϩ 1. In general, eggs comprise those deposited by adults native to the site before dispersal as well as those brought in by immigrants from elsewhere. The rate of change in egg density at a given site from generation t to t ϩ 1 can thus be partitioned exactly into two component rates:
in which the variable Eggs is the density of all eggs (local as well as foreign) laid in the study plot and Adults is the density of locally raised moths, including males; Adults was estimated by the number of pupal exuviae still attached to sample branches. Differencing two consecutive points in Fig. 8a generates the series of log rates of change in egg density (Fig. 8b , solid circles with broken lines) which, in accordance with relationship 1, is partitioned into the series of log generation survival rates (connected solid lines superimposed in Fig. 8b for a reason that will become apparent in a moment) and that of egg recruitment rates (Fig.  8c) . The values for Adults and Eggs were both determined by sampling in the field and, thus, allow us to directly calculate the generation survival and egg recruitment rates. Clearly, the declining trend in the rate of change in egg density is attributed to the declining trend in the generation survival rate, whereas the jittery fluctuation about the trend is due to the egg recruitment series, which exhibits no trend. In other words, the yearly variation in generation survival is the cause of the longterm budworm cycle, whereas the short-term variation in the rate of egg recruitment acts as a disturbance to the cycle. A more recent study conducted in the province (Canadian Forest Service-Atlantic Forestry Centre, unpublished data) confirms the same tendency and also that the trend in generation survival is set mostly by the action of the natural enemy complex (including parasitism, predation, and disease). The finding confirms the conjecture (Royama 1992) that the budworm population cycle is essentially a density-dependent, host-natural enemy complex interaction, subjected to the density-independent variation in the egg recruitment rate acting as disturbances.
MECHANISM OF LARGE-SCALE OUTBREAKS
Now that the interaction between budworm and its natural enemy complex is a local process, there is no particular reason for many local populations to cycle in unison. However, if the temporal variation in the egg recruitment rate in a given locality, that acts as a disturbance to the local cycle, is spatially correlated with those in other localities, then, as Royama (1984 Royama ( , 1992 has conjectured, those independent local population cycles could come in phase by the Moran effect, resulting in large-scale outbreaks. Since the egg recruitment rate, [All graphs, except (e) and (f), have been previously published (Royama 1984 (Royama , 1992 ).] as a net result of moth dispersal (emigration and immigration), largely depends on weather conditions (Greenbank et al. 1980) , it could be correlated among local populations if the weather conditions that govern the moth dispersal activities are correlated across the localities concerned. (The variation in fecundity, albeit a component of the recruitment rate, has a much smaller contribution to the variation in the rate and can be ignored in the present context.) Although the surveys did not measure the recruitment rate, we can estimate it by the following method. The result shows that the rate is indeed spatially correlated.
Estimation of the egg recruitment rate
The method is illustrated using the Green River data (Fig. 8) . Although the detailed life-table study was discontinued after 1959 because of extremely low populations, sampling the third and fourth instar larvae (L 3-4 , Fig. 8d ), was continued until 1972. The series of log rates of change in the larval population (Fig. 8e , solid circles with broken lines) is superimposed by a five-year moving-average series (connected solid lines). The latter series approximates the cyclic trend in generation survival (save the details of fluctuation) to depict what could have been an extension of Fig.  8b , if the generation survival rate had continued to be measured. Then, the series of deviations of the log rates of change in density about the moving-average series (Fig. 8f) approximates the variation in the log recruitment rate as an extension of Fig. 8c . Note that both series are measured only in relative values; actual values are indeterminate.
Likewise, the series of (log) egg mass densities from the surveys (Fig. 4) are differenced to get their (log) rates of change and smoothed by five-year movingaverage series (Fig. 9) to approximate the sinusoidal trends in generation survival, as in Fig. 8e . Then, the series of residuals, i.e., deviations of the realized rates of change in density about the moving-average series (Fig. 10) , approximate the pattern of fluctuation in the egg recruitment rate, as in Fig. 8f , all in relative values. (Having returned to the survey data, we use calendar year, and the rate of change from year t to t ϩ 1 is plotted against t. The missing 1980 egg mass information is interpolated by averaging the 1979 and 1981 Ecology, Vol. 86, No. 5 FIG. 9 . The log rate of change in egg mass density (solid circles) for the three major regions (defined in Fig. 3 ), superimposed on the five-year moving-average series (solid lines). The 1979 and 1980 data points (encircled with dots) are interpolated.
FIG. 10. Fluctuations in the residuals, i.e., deviations of the rates of change in egg mass density from the movingaverage series in Fig. 9 , as estimates of egg recruitment rates (relative values) for the three major regions (defined in Fig.  3 ). The encircled data points are the interpolations. densities; the encircled data points are results of the interpolation.)
Two, at a time, of the residual series from the three regions in Fig. 10 are paired to calculate the crosscorrelation function for each pair (Fig. 11) . In every graph, the correlation at lag zero exhibits the highest, significantly positive spike of ϳ0.5, although these are likely underestimates of the true (unknown) values because of inevitable sampling error in estimating egg mass density. Some coefficients at nonzero lags are outside the confidence interval for zero correlation. These are likely of spurious significance inherent in the moving-average method, as residuals after moving-average smoothing tend to be autocorrelated at certain lags (for details, see Royama 2005) . But how can the egg recruitment rate be spatially correlated?
Mechanism of spatial correlation in egg recruitment rate Fig. 10 reveals that, over the survey period, the estimated egg recruitment rates fluctuated frequently in time, and considerably in amplitude, but were more or less stationary in pattern. There is no apparent sign of the amplitude changing systematically over time in relation to changes in egg mass density. As already mentioned, the amplitude of fluctuation in the egg recruitment rate is largely the net result of the immigration and emigration of egg-carrying moths. Hence, moth dispersal must have been just as active and frequent in an endemic phase of a population cycle as in an epidemic phase.
An intensive study by radar (Greenbank et al. 1980) revealed that light intensity, temperatures at various atmospheric strata, precipitation, and winds govern the moths' flight activities, e.g., the initiation and direction of flights, distances to travel, and when or where to land. The study showed that moths in flight were often concentrated by convergent wind fields and that the distance to travel varied from a few tens to a few hundred kilometers, depending on wind conditions. As a result, immigrants' landing sites tended to be localized and to change from time to time. Under these circumstances, it is not immediately clear how the egg recruitment rate can be spatially correlated. Fig. 10 provides some clues.
We see substantially low data points occurring coincidentally in all regions as frequently as in 1961, 1965, 1971, 1975, and 1981 ; two more probable lows in 1957 and 1994 are apparent in Fig. 9 . In contrast, on no occasion did substantially high data points, occur coincidentally in all three regions; a coincidence happened between any two regions at most and then only infrequently. These tendencies can be interpreted as follows.
As already mentioned, a data point in Fig. 10 is a relative value: we would not know the actual value of net loss or gain of eggs. It is certain, however, that a substantially low relative value indicates a high rate of emigration negating the gain, if any, of eggs from immigrants, as it is improbable to be otherwise. Thus, the comparatively frequent coincidence of low relative values indicates that simultaneous occurrences of moth SPRUCE BUDWORM OUTBREAK CYCLE FIG. 11. Sample cross-correlation functions, r(l ), plotted against the lag l for each pair of estimated series of egg recruitment rates (Fig. 10) among the three major regions defined in Fig. 3 : north (N), middle (M), and south (S). A pair of dashed lines in each graph defines an approximate 95% confidence interval for zero correlation. The numerical value for the zero-lag correlation coefficient, r(0), and its significance level, P, are shown in each graph. exodus over wide areas are frequent. Now, those moths that take off must come down somewhere. Then, either (or a combination) of the following two situations must have happened: many of the moths that took off migrated beyond the provincial border, or survival of migrating moths was low, such that, in most localities, a loss of eggs by emigration tended to negate a gain from immigration.
A substantially high relative value, on the other hand, indicates a gain of eggs from immigrants compensating, or even overweighing, a loss by the emigration of native moths. Then, lack of coincidence in high relative values in Fig. 10 implies that a substantial invasion of moths into every corner of the province from elsewhere seldom occurred, a tendency that readily makes sense from the aforementioned study of dispersal by radar. In other words, unlike the comparatively global occurrences of exodus, localized moth invasions could not be a consistent cause of correlated egg recruitment. Further studies are needed to substantiate these conjectures. Williams and Liebhold (2000) suggested that, in addition to the Moran effect, the exchange of eggs by moth dispersal between local populations could be a major cause of the synchronous occurrence of budworm outbreaks. Their model assumes reciprocal (symmetric) exchanges of dispersing moths among local populations like a diffusion process which, obviously, does not conform to the budworm dispersal pattern as observed by radar (Greenbank et al. 1980 ). Besides, under such an assumption, the aforementioned lack of spatial coincidence in high egg recruitment rates is difficult to comprehend.
TEMPORAL AND SPATIAL PATTERNS IN POPULATION CYCLES: AN INVESTIGATION BY SIMULATION
We now investigate, by simulation, the temporal and spatial variations in pattern that are inherent to cyclic populations as stochastic processes, with a view to finding coherent explanations of the results in the foregoing sections.
Simulation model
As shown by relationship 1, a budworm process can be divided into the generation survival and egg recruitment rates. In particular, the generation survival rate depends mostly on the interaction between budworm and its natural enemy complex at each locality to generate a budworm cycle, whereas the egg recruitment rate acts as a major source of disturbance to the cycle. However, we do not have quantitative information on the variation in natural enemy complex to construct an interaction model. Therefore, we opt for a univariate time series model that can approximate the cyclic pattern of the temporal variation that the interaction process would generate (Royama 1992 , Berryman 1999 . For this purpose, we use a general, nonlinear model (Royama 1992, and Royama 2005) of the form
in which X t is the log egg density at year t, such that the difference on the left-hand side is the log rate of change. The term in the brackets on the right-hand side represents the generation survival rate, with the constant R m being the upper limit of the expected log rate of change, and the constants ␣ characterizing the cycle frequency. The egg recruitment rate is the main source of the disturbance u t . Although the model is formulated such that u t involves a random variation in generation survival as well, the variation in the recruitment rate dominates the realization of the disturbance as is apparent in Fig. 8b and c.
Variations in phase and amplitude of population cycles
We generate two series, each representing a local population, with the same set of parameter values: (␣ 1 , ␣ 2 , R m ) ϭ (0.94, Ϫ0.98, 4.6), R m being roughly equal Ecology, Vol. 86, No. 5 FIG. 12 . Two series of population cycles simulated by model 2, plotted against the simulation year, t. Population density is assumed to be log-transformed; the scale is omitted as it is arbitrary. FIG. 13 . The total area of moderate to severe budworm infestation east of Ontario, including Maine (after Kettela 1983). to the logarithm of the maximum average fecundity per moth (about 100). The disturbance series, say (u t , v t ) for the two local populations, are both purely random and normally distributed with zero mean and unit variance, but are cross-correlated with one another with a 50% correlation at lag zero and zero correlation at all nonzero lags. With these parameter values, albeit largely arbitrary, the model generates a cycle of length about 35 ''years'' to roughly match an average length of a budworm cycle over the past three centuries.
A typical result (Fig. 12) shows that this degree of correlation would result in alternating spells of visually good and poor synchrony among local populations, implying that a few cycles of large-scale outbreaks (good synchrony) may be followed by a spell of chronically occurring localized outbreaks (poor synchrony). The length of each spell is irregular such that large-scale outbreaks can occur as frequently as in the final three ''centuries,'' whereas outbreaks may often be localized, as in the earlier centuries. As already mentioned, New Brunswick has experienced a more or less regular occurrence of province-wide outbreaks for nearly three centuries. Thus, if the 50% correlation in recruitment rate is a good estimate, large-scale outbreaks may not occur as frequently for the next few centuries as in the past few. However, as noted earlier, a 50% correlation could be an underestimation because of the probable error in egg mass sampling. Fig. 12 also shows that, even if two regional cycles are well in phase, the peak and trough levels are not necessarily the same and are constantly changing from cycle to cycle in each regional population. The observed differences between the three regions (Fig. 4) are likely such an aspect of a random process that we could view only through a narrow window of time, rather than an aspect attributable to comparatively fixed ecoregional characteristics. From this point of view, we examine one more aspect of observed budworm outbreaks.
Variation in the area of infestation as a stochastic process
The area of infestation (in terms of the moderate-tosevere level of defoliation) in eastern Canada since the early 1900s, originally compiled by Brown (1970) and updated by Kettela (1983) , shows a steady increase over the most recent three outbreaks (Fig. 13) . Blais (1983) attributed the increase to environmental changes caused by timber cutting, fire, and pest control practices over the period that had resulted in a significant increase in balsam fir stands across eastern Canada which were prone to budworm attacks: ''Reasons why spruce budworm outbreaks have occurred more frequently in this century than in the past and that they are becoming more widespread and more severe is apparently attributable to changes in the forest ecosystem as a result of man's actions.'' An apparent problem here is that the method used to assess the level of defoliation changed over time and varied from province to province. Therefore, the facevalue interpretation of Fig. 13 should be taken with caution. Also, even if the expansion of susceptible forests could cause an overall increase in the geographic extent of infestation, it does not necessarily follow that the frequency and severity would increase as well. On the other hand, a coherent interpretation is possible from the stochastic process point of view.
The simulation series (Fig. 12 ) exhibit, not infrequently, a steady but coincidental increase in peak den-SPRUCE BUDWORM OUTBREAK CYCLE FIG. 14. Temporal changes in peak levels of the three consecutive cycles between the simulation years 450 and 520 in Fig. 12 (solid series), plotted on an arithmetical scale to allow comparison with Fig. 13 ; the unit of scale on the abscissa is arbitrary. sity over as many as three (if not more) consecutive cycles, e.g., those in the interval between 450 and 520 simulation years, plotted in an arithmetical scale in Fig. 14 to compare with Fig. 13 . Our points of argument are the following. If local populations happen to be more or less in phase, as in the past few centuries in eastern Canada, changes in the areas of infestation would likely be correlated with those in the overall population density. Severity of infestation is also correlated with population density. A random process, as in the simulation, can generate three consecutive cycles with a steady increase in peak density, which would result in similar increases in the area and severity of infestation. Moreover, these consecutive cycles are realized in a shorter space of time (three over 70 years) compared with an average length of about 100 years as indicated by the sinusoidal autocorrelation function for the series in Fig. 12 (not shown), exhibiting a peak at 34 years. In other words, temporal changes in the area, severity, and frequency of infestation, as Blais (1983) envisaged, could be realized as the three different aspects of the same stochastic process even without the alleged systematic changes in the environment.
After all, if one looks for a cause for each aspect of a budworm cycle as it draws attention, there could be as many different explanations as aspects. In contrast, the recognition of a population process as a stochastic process can offer a coherent explanation for many aspects of the observed budworm cycles: the realized peak and trough of a cycle differ spatially (between series) or temporally (within series); a cycle in one series may reach a certain level, ahead of one in the other series, appearing to be a ''hot spot'' that may subsequently appear to ''spread outward'' on an infestation map as the neighboring populations catch up; and a 50% spatial correlation in the egg recruitment rate can cause an almost periodic series of large-scale outbreaks for as long as three centuries.
Forecasting
Although currently extremely low, the budworm populations in New Brunswick and adjacent areas will certainly rise again. However, it is hard to predict whether the outbreak will be severe and extensive or light and localized. Knowledge of certain observed patterns in the recent past, e.g., the regional distinction (Fig. 3) , may not provide a useful basis for forecasting since they would, as already remarked, unlikely be repeated. Thus, looking for clues by merely correlating the largely unpredictable level, or extent, of infestation with comparatively fixed or systematically changing environmental characteristics would be unproductive and even misleading.
Although a long-term forecast is difficult, given our present level of knowledge, annually updated population graphs, as in Fig. 3 , should aid short-term forecasts. In contrast, except for their operational function in a pest control program, defoliation maps do not contain as much information as the population graphs (a population graph can reproduce an infestation map but not vice versa) and could even be misleading if interpreted uncritically.
